simultaneous realization of two quite different viewpoints on what makes the nucleon large and stable.
The first of these viewpoints originated with Skyrme' and Finkelstein and Rubinstein.* These authors put forward the suggestion that conserved quantum numbers arise in physics for topological reasons, that particles which carry conserved quantum numbers are built up from classical fields of'nontrivial topology. This idea has a particularly straightforward realization the strong interactions with two light quark flavors. The global symmetry of the model is chiral SU(2) x SU(2); this symmetry is spontaneously broken to SU(2) isospin.
The symmetry-breaking can be described phenomenologically by parametrizing the local orientation of the chiral symmetry breaking condensate by an SU (2) 
0)
The space of values of U(z), the group SU (2) , is isomorphic to the 3-dimensional sphere;
by mapping the 3-sphere onto 3-dimensional space (e.g., sending the north pole to infinity and the south pole to the origin), one can define topologically nontrivial maps from SU(2) The second viewpoint is due to Witten and represents his attempt to find the systematics of baryons in QCD as the number of colors is taken to infinity. The theory of mesons was shown by 't Hooft" to be very simple in this limit; as I will discuss a bit later, mesons become well-defined, narrow states with interactions proportional to l/N.
Witten proposed that baryons be viewed as the solitons of this weakly-interacting theory.
He noted that the basic relations which are true of solitons in a theory with expansion parameter LY, that the mass of the soliton is proportional to o-l, and that the radius of the soliton and the soliton-meson cross-sections are independent of a, are true in QCD at large N if tr is replaced by the expansion parameter l/N.
If the two pictures connect, the baryon must arise as a soliton in a field with the transformation law of the matrix U(z) which may be described semiclassically in the limit N -+ 00. We can see how this field arises in two complementary ways. First, consider a quark-model description. For N large, the nucleon is built of N quarks occupying the same wavefunction. This wavefunction has some fixed radial dependence and also carries spin and isospin indices:.Q;(r). As N '. + 00, Q:(r) becomes macroscopically occupied and takes on classical significance. Alternatively, we might take a pion viewpoint. Consider constraining the quark bilinears Qq and py5raq to have fixed values:
and then integrating out the quark and gluon fields. As N -+ 00, the leading contributions to this integration come from planar diagrams with external insertions of U(z); a typical such diagram is shown in Fig. 1 . Each of these diagrams is of order N; thus, the sum yields an effective action of the form:
where the parameters f, 8, . . ., are independent of N. In this expression, l/N stands in the place of Planck's constant, so that the U field becomes classical as N t 00. The classical field configurations which emerge from these two arguments are not obviously equivalent, but they do clearly share a common feature: The macroscopic wavefunction of the quark picture can be written as and the topologically nontrivial U field configuration can be written as Uo(z) = ezp{iF(r)+ -0).
In each expression, the classical wavefunction defines a coordinate system for isospin space in terms of axes in physical space. Each is transformed by the separate action of ?and J' but is invariant to the combined action I'+ J'.
Gervais and Sakita" and Manoharr2 have emphasized that this group-theoretic property leads directly to many of the pleasing phenomenological results of the Skyrme model. The symmetry I+ f, which we call z, will in fact play a central role in the analysis I will present here. More model-specific properties of the Skyrme model also tend to work quite well, however, as was first emphasized by the detailed results on the static properties of nucleons presented by Adkins, Nappi, and Witten. l3 I will try to strike a balance, then, between purely group-theoretic and more scheme-dependent results concerning pion-nucleon scattering.
Baryon resonances in large-N QCD Since I will use l/N as an expansion parameter, we should begin this analysis by discussing qualitatively the properties of the nucleon and its excited states as N + 00.
These properties will guide us in setting up a proper analysis and in simplifying it to the greatest extent possible.
We should first recall the basis of 't Hooft's result that mesons become weakly coupled in the large-N limit. lo Let us take as our starting point the effective Lagrangian Such an analysis is possible because the limit N + 00 allows some additional simplification in the way one connects the stability matrix l,[U] to the amplitudes for pion-nucleon scattering. To see this, let us first recall that nucleons arise in the Skyrme model as rotational eigenstates of the soliton: l3 Since the soliton is not invariant to spatial rotations, one can obtain a family of soliton solutions, all degenerate with a given solution Uo, by rotating UO through an arbitrary set of angles. We may write these solutions as
where A is an SU (2) 
is given by the matrix element of (13) between states (14).
I will give only the most important steps in the evaluation of this matrix element.
Write the matrix element as an integral over A, and project the initial and final states onto definite total isospin. This gives an expression of the form (16) The matrices A act in reducible representations of isospin which are then projected onto irreducible representations I', I. We could, alternatively, reduce first and then rotate. This 
the first factor comes from (13)) the second from (17). (19) is of exactly the right form to be reassembled into a 6-j symbol and one remaining Clebsch-Gordan coefficient: (20) Since K, K, are the same in the initial and final states, the sum over I=, r::, constrained by the third Kronecker delta of (18), b ecomes the orthogonality sum for the remaining two 3-j symbols. This produces bJJJ 6J:JI,
the reflection of angular momentum conservation, which was also not obvious at the early stages of the calculation. The final result is
This expression has the form one might have expected from a nonrelativistic SU(6) (actually SU(4)) analysis, except that the SU(4) Clebsch-Gordan coefficients have been replaced by SU(2) 6-j symbols. The pattern of combination of the 6 angular momenta is illustrated in Fig. 2 . Fig. 2 . Relation of the 6 angular momenta in the initial or final state of pionSkyrmion scattering.
Model-Independent Results
We have now derived the general structure of the pion-nucleon elastic scattering amplitude, and of the amplitudes for some related quasielastic processes, to leading order By adding a very .simple bit of model-dependent information to the relations (23), one can extract an additional, rather striking, result. Let us assume that, for given L, the reduced T-matrix is larger for the lower values of K. This would coincide with the insight one obtains from the study of, for example, the scattering of fermions from magnetic monopoles, all the interesting action takes place in the modes of lowest combined angular momentum J'. In particular, I would like to assume that the reduced T-matrix associated with sK=L+l is negligible compared to the reduced T-matrices associated with SK&-r and SK=& To use this information, notice that the coefficients in each row of (23) sum to 1. Thus, if the coefficient of SL+~ is'.large, the important terms in the T-matrix will be small. Checking the values of these coefficients, we predict the pattern:5
which one might call the big-small-small-big rule. This rule is actually quite visible in the Hiihler, et. al., partial wave amplitudes, as is shown in Fig. 6 . This behavior was noted in the classical period of the study of TN scattering, and Donnachie, Hamilton, and Lea 19 showed how it followed from a particle exchange model. It is striking, however, that, in chiral soliton models, this rule follows very simply from the structure of the nulceon itself. 
and denote the reconstruction (23) by:
sIJ --c PiJsK.
K
The assumption that the pion moves quickly was justified earlier in this paper on the basis of the l/N expansion; however, for that argument, the energy of the pion was taken to be of order 1. The argument breaks down for pion energies close to threshold. When the pion energy is of order .1/N, which might be relevant in practice when the pion energy is a few hundred MeV, then one must take into account the rotation of the soliton during the scattering process.
Plon Energy Let us examine how this can be done in the limit of low pion energies, by assuming that the soliton is rotating rapidly compared to the time the pion takes to interact. One's first guess would be to average the effective Hamiltonian, or equivalently, the differential equations (27), before computing the S-matrix. That is, one might try to solve (29) However, this is not quite correct. In putting the nucleon into rotational eigenstates,
we have assigned some deformations of the pion field to be parametrized by collective coordinates. If one implements this reassignment by a canonical transformation, [20] [21] [22] one must consider the new canonical pion field to be orthogonal to these motions. Since the infinitesimal rotations are zero modes of the DK, our original procedure gave finite-energy pion eigenstates which were automatically orthogonalized to these zero modes. But our new equation (29) does not necessarily possess zero modes. We must, then, impose this orthogonality by hand, by adding to the Hamiltonian a term 
V must be taken to infinity. This presciption can make sense only if the integral in eq. (33) vanishes in the same limit. Thus, W in (32) is an unknown constant, to be determined selfconsistently so that the radial pion wavefunction is always orthogonal to F(r). The correct treatment of collective coordinates, then, does introduce extra attraction or repulsion in the region just near threshold. It remains to be seen, however, whether these terms can account quantitatively for the structure of the low-lying resonances in low partial waves.
Conclusions
.
I have argued that the Skyrme model, and, more generally, the picture of the nucleon as a chiral soliton, can give a qualitatively correct picture of pion-nucleon scattering. Clearly, many aspects of this description need to be understood better. These include the treatment of nonleading corrections near threshold and the inclusion of inelastic channels. One would also like to extend this analysis to the case of three flavors. But the model already succeeds, at the first level of calculation, in producing many of the features of this process which are revealed by experiment. It will be instructive to see how precise a picture of this reaction one can eventually build from the basic ingredients of solitons in quantum field theory.
